In this study, the effect of Mn and Cr addition on high temperature mechanical properties of a machinable 2xxx alloy with high Sn content was systematically investigated. Tensile test during solidification was carried out, using an electromagnetic induction heating tensile test machine. Stress-strain curve, tensile strength, fracture strain (elongation), Zero Strength Temperature (ZST) and Zero Ductility Temperature (ZDT) were evaluated. To determine the solidification range of the 2xxx alloy with high Sn content, the specific heat were continuously measured in the range from room temperature to 700 C using an insulating type measuring device of specific heat. It was found that the tensile strength during solidification steeply increased with Mn and Cr addition, and the temperature range between ZST and ZDT became wider, in comparison with those without Mn and Cr addition. It was presumed that the crack susceptibility of the alloy increased by Mn and Cr addition. Fractography on the high temperature clearly distinguished the fracture property and fracture behavior of the alloys with and without Mn and Cr addition. Formation of intermetallic compounds at later stage of solidification was different from with and without Mn and/or Cr addition. Furthermore, by comparing the tensile strength with the casting practice, the effect of Mn and Cr addition on the crack susceptibility of directchill cast billets was severely attributed to crystallization of these compounds.
Introduction
High strength 2xxx aluminum alloys are used for industrial machinery, precision machine and electronic component, etc. In order to improve the machinability, lead is used to be added into the 2xxx base alloys. But elimination and regulation of the toxic substances are advanced in the world. For lead, for example, the lead-free requirements has been expanded deeply and widely in various metal productions such as soldering, free cutting brass and steels, watersupplied equipments with copper alloys and so on. The development of lead free aluminum alloy is strongly desired. 1) As a substitution of Pb, Sn additive 2xxx alloys with the same level machinability and high strength, have been developed. 2, 3) However, Direct Chill (DC) billet of the 2xxx alloy with high Sn content is prone to crack, especially, in case of Mn and Cr containing alloys.
Investigations on hot tearing have been reported in many previous studies [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and it is clear that the hot tearing is generated when stress prevents the contraction of the alloy at the temperature near the solidus temperature. Alloy composition is very important to the crack susceptibility. For example, Oya et al. 17) investigated the effect of third element addition on hot tearing of binary Al-4.5% Cu alloy, and they found that Ti, Mg and Si improved the resistance to hot tearing, but Sn, Zn, Fe, and Ni reduced those of the base alloy. These studies mentioned above were, however, based on binary alloys, and very few studies based on commercial aluminum alloys were reported.
In this study, the effect of Mn and Cr addition on mechanical properties of 2xxx alloy with high Sn content at high temperature was systematically investigated. The addition of Mn and Cr, which were effective to prevent the grain growth during hot deformation processing and heat treatment, caused hot tearing detrimentally. In order to understand the hot tearing of the alloy, mechanical properties during solidification were investigated. Comparing the tensile strengths obtained by high temperature tensile test and actual casting practices, the effect of Mn and Cr addition on the hot crack susceptibility of ingot during direct chill casting was clarified. Intermetallic compounds formation was recognized to play an important role of hot tearing of this alloy.
Experimental Methods

Casting Experiment
The material used for this study were 2xxx alloys with high Sn content which contained different amount of Mn and Cr. Chemical composition of the alloy are given in Table 1 . Billets of the alloys with the diameter of 325 mm were cast by a typical DC caster under following conditions: casting temperature; 720 C, casting speed; 50 mm/min, effective mould length; 65 mm and water supply; 150 L/min.
Semi-Solid Tensile Test
A remelting type of high temperature tensile test during solidification was carried out by using the tensile test Fig. 1 . Test samples have a diameter of 10 mm and a length of 100 mm. All the experiments were done under an argon gas atmosphere in a pressure of 0.1 MPa.
Thermal history of a specimen is shown in Fig. 2 . First, the specimen was heated up to temperature above its liquidus temperature, and then kept for 60 s. Next, it was cooled down to the test temperature at cooling rate of 1 C/s. In order to keep the uniformity of the temperature, the sample was held for 60 s after reaching test temperature. It was confirmed that the remelt zone was kept almost uniform temperature at the beginning of tensile deformation. Finally, tensile deformation was applied at the strain rate of 1 Â 10 À2 s À1 and the load-displacement curve of the specimen was recorded. The fracture surfaces after tensile testing at different temperatures were observed using the scanning electron microscopy (SEM).
Specific Heat
Using an insulating type measuring device of specific heat, the specific heat of the alloys was continuously measured from room temperature to 700 C. Through the specific heat measurement a constant energy of 1.6 W/s was supplied to the sample and the temperature change of the specific heat was examined. The heating rate was about 0.025-0.042 C/s up to the solidus temperature, and 0.0013-0.0042 C/s in the solid-liquid coexistence range. Figure 3 shows the change of specific heat with temperature of A, B and C alloys between 450 C to 700 C. Liquidus and solidus temperatures measured at heating rate mentioned in section 2.3 were assumed as the equilibrium ones for these alloys. The following parameters can be obtained from the specific heat vs temperature curves: Liquidus temperature, solidus temperature and equilibrium solidification temperature range of these alloys as shown in Table 2 . Solidus temperature was determined by neglecting a very small amount of Sn enriched remaining liquid.
Experimental Results
Liquidus temperatures are almost the same as the addition of Cr alone and addition of Cr and Mn together. Solidus temperature with addition of both Cr and Mn is higher than others. The start temperature (higher temperature side of the reaction) and endothermic amount of the endothermic reaction of solidus increase as the addition of Cr alone and addition of Mn and Cr together. Small endothermic reactions observed around 530 C and 570 C owing to the crystallization by intermetallic compounds show opposite tendency compared with the case of around 520 C of solidus. 
Load Cell
C alloy B alloy A alloy Fig. 3 Specific heat-temperature curve of A, B and C alloys from room temperature to liquidus temperature. Table 2 Liquidus temperature (T L ), solidus temperature (T S ) and solidification temperature range of each alloy ( C).
T L 636 638 639
T S 506 506 513
Figures 4 to 6 show the relationship between tensile strength, fracture strain and temperature obtained by high temperature tensile test for A, B and C alloys. Zero Strength Temperature (ZST) is determined as a minimum temperature above which sample has no tensile strength. ZST is 580 C, 582 C and 582 C for A, B and C alloys, respectively. Tensile strength of each alloy increases gradually with decreasing of temperature below ZST. Then, the tensile strength increases steeply from around 485 C for A alloy, 490 C for B alloy and 493 C for C alloy. The gradual increase rate of tensile strength with temperature from ZST to the temperature of steep increase is indeed small for each alloy, however, its value changes in increasing with the order of Cr addition and both Mn and Cr addition; C is highest, B medium and A lowest. Zero Ductility Temperature (ZDT) is a minimum temperature above which samples fractured without elongation. ZDT is 570 C, 565 C and 562 C for A, B and C alloys, respectively. As for the fracture strain of each alloy is very small, less than 0.02, from ZDT to 490 C. In this temperature range, from ZDT to 490 C, the fracture strain of each alloy gradually increases with decreasing temperature and then increases sharply from about 485 C. Figure 7 shows the stress-strain curves at different testing temperatures. The stress is very small when the temperature is above 485 C, and it increases rapidly from 480 C with decreasing temperature for A alloy as shown in Fig. 4 . The stress-strain curve at 480 C shows a typical brittle failure curve, because it is no ductility at this temperature comparing with other stress-strain curves below 480 C or above it. As for B alloy, the same tendency is observed, and a typical brittle failure curve is also obtained at 480
C. In the case of C alloy, two brittle failure curves are observed at 490 C and 480 C, respectively. It seems that the C alloy has a wider temperature range of brittleness than A and B alloys. When the temperature is below 470 C, the three alloys show typical ductile stress-strain curves. Figure 8 shows fracture surfaces after tensile tests at different temperatures of A alloy. The fracture surfaces of tensile testing at 580 C (as shown in (a)) shows an intergranular fracture with remaining liquid around interdendritic regions, because the temperature is high and no ductility at this temperature. When the temperature down to 530 C (as shown in (b)), the surface has a smooth glassy-like morphology, which indicates the presence of liquid along grain boundaries, and small crystallized intermetallic compounds are observed. As the temperature down to 480 C (below solidus temperature of equilibrium solidification), no liquids are observed, but instead, where many crystallized intermetallic compounds were observed. These intermetallic compounds exist between grain boundaries and have needlelike or plate-like shapes. It is considered that grain boundary would become fragile and no ductility because a large number of intermetallic compounds with needle-like shape were crystallized in the grain boundary. When the temperature decreases to 450 C, the ductile failure fracture can be observed, and many broken pieces of intermetallic compounds exist outside the grain boundary or in the grain boundary. Figure 9 indicates the brittle fracture surfaces after tensile test (a) at 480 C of A alloy, (b) at 480 C of B alloy, (c) at 480 C and (d) 490 C of C alloy. All the fracture surfaces of the three alloys have same feature, that is, there are very few or no liquid film on the surface of grains or on the grain boundary, and many intermetallic compounds exist between grains. But the shapes of intermetallic compounds are different between A, B and C alloys. As for A and B alloys, they have needle-like shapes, while as for C alloy have irregular shapes and are bigger than those of A and B alloys. Figure 10 shows the temperature dependence of tensile strength of A, B and C alloys. The tensile strength in mushy zone gradually increases with decreasing temperature for A alloy (without Mn and Cr addition), but rapidly increases for B (with Cr addition) and C alloys (with Mn and Cr addition). Especially, the increase of the tensile strength of C alloy becomes rapid, when the temperature is below 560 C compared with A and B alloys. In other words, addition of Mn and Cr together contributes to increase the strength gradient per unit temperature (SGT) in mushy zone. Therefore, the thermal strain caused by contraction during solidification will become larger with Mn and Cr addition at the same cooling condition, because SGT will be larger in the same temperature range. According to the casting results, the billet was found to be prone to crack in the descending order of composition C, B and A. Judging from the above, the crack susceptibility of this alloy corresponds to higher SGT and wider temperature range of brittleness. The higher crack susceptibility owing to higher SGT was found in the previous paper on the iron content effect of high strength Al-Mg-Si alloy on hot tearing. 18) 
Discussion
Mn and Cr addition and crack susceptibility of 2xxx alloy
Contribution of intermetallic compound formation
to hot tearing In order to understand what kind of intermetallic compounds formed, an interrupted solidification test was carried out. Figure 11 shows -AlFeSi and -Al(FeMnCr)Si phases solidified in A and C alloys which were observed in interrupted solidification tests, respectively. The needle-like shape -AlFeSi compound between grains will lead the grain boundary to be brittle. As a result, the stress-strain curves show a certain amount of strength and no ductility as shown in Fig. 9 . In the other hand, the big irregular shapeAl(FeMnCr)Si compound assists bridging between dendrites more than -AlFeSi compound does and increases the strength in mushy zone shown in Fig. 6 . The bridging mechanism between primary Al phases to reduce ductility is illustrated in Fig. 12 . As a result, the C alloy (with Mn and Cr addition) has two brittle type of stress-strain curves, as shown in Fig. 7 . That is the temperature range of brittle failure of C alloy is wider than A and B alloys. 4.3 Relation between dendrite structure development and deformation behavior Figure 13 shows the schema of the relation between dendrite development and deformation behavior during solidification progress. The deformation behavior of aluminum alloy can be divided into five zones, which is developed from the originally obtained one for steels. 19) In the Zone 1, from liquidus temperature to ZST, no strength and no ductility are observed in the tensile test. When the temperature is down to the Zone 2 (from ZST to ZDT), there are very small strength and no ductility. In the Zone 3 from ZDT to some fraction solid, for example about 0.9 18) of Al-Mg-Si alloy, which is dependent upon alloy composition, strength and ductility are detected as very small. In the Zone 4 strength increases sharply but ductility is still small. In the Zone 5 both strength and ductility increases much with temperature decreasing. The temperature from which ductility increases sharply is almost at completion of real solidification.
In the Zone 1, where the temperature is above the coherency temperature of dendrites, liquid present between dendrites is still continuous, and therefore the interdendritic liquid flow can feed such region even when crack is induced by tensile test. Difference in ductility between zone 2 and zone 3 is remarkable, that is, the former has no ductility, the latter has some, although both zone have small strength. In other words, zone 2 is above and zone 3 below ZDT. Even though ductility difference between the zones 2 and 3 is not large because of a small actual value of ductility under the small value of strength, it means the difference is physically quite large. In the Zone 2, the dendritic network is coherent, so it can sustain and, as a matter of fact, also transmit stress. Strictly speaking in the Zone 3, the strength and ductility can be detected. However, the coherence of dendritic network is not yet so strong and the interdendritic liquid still remains between dendrites as shown in Fig. 8(a) and (b) . In the Zone 4 (from fraction solid of about 0.9 to end of solidification), the strength rises steeply but the ductility is still small. In the last stage of solidification, the coherence of dendritic network becomes very strong and very few isolated pockets of liquid remain in between primary dendrite arms or grain boundaries, so in this zone it can resist the stress subject to tensile stress. However, in the last stage of solidification, many needle-like or big irregular-shape intermetallic compounds crystallize, and exist in between grains as shown in Fig. 8 . Therefore the grain boundary becomes fragile and then the elongation is very small. Zones 2-4 are a typical A alloy C alloy brittle failure zone, because it has some strength but almost no ductility. In the zone 5 (almost after completion of real solidification), it is shown that the strength and ductility increase together with decreasing temperature. From the examination of the above, the hot tearing is easy to be generated when the temperature passes from zone 2 to zone 4, because the large difference in strength, and small ductility occurs at the slight temperature change.
Conclusions
To investigate the effect of Mn and Cr addition on hot tearing behavior of 2xxx alloy with high Sn content, a tensile test in the mushy zone was carried out. By comparing the tensile strength with casting results in practice, the relation between the crack susceptibility of direct chill billet and Mn and Cr addition was clarified. The main results obtained are shown below.
(1) Zero strength temperature (ZST) of A, B and C alloys was 580 C, 582 C and 582 C, respectively. Zero ductility temperature (ZDT) of A, B and C alloys was 570 C, 565 C and 562 C, respectively. The temperature range between ZST and ZDT became wider, compared those without Mn and Cr addition alloy. 
